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ABSTRACT
Salinity gradient (SG) energy is a renewable and clean energy resource that exists
worldwide from the change in Gibbs free energy when two solutions with different salinities are
mixed. More recently, concentration flow cells (CFCs) have been introduced as a new technology
for SG energy recovery with the highest reported power density output to date, as a result of the
utilization of both the electrode potential and Donnan potential. In this study, multiple CFCs were
connected to form a consecutive number of stacks, and systematic analysis was conducted to
investigate the influence of both parallel and series electrical wire connections on the overall
performance. For both wire connections, an effective increase in the overall power output with an
increase in stack size was observed. The power densities normalized to the membrane area were
however lower (3.7 W m-2 in series and 5.8 W m-2 in parallel, for 5- stacks) than the individual
cell unit (8.9 W m-2) because of the cumulative mixing towards the back of the stack. Additionally,
as a result of an ionic cross-conduction causing a parasitic current in the series cell, the parallel
wire configuration was demonstrated to be more successful in the CFC stack than the series.
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1. INTRODUCTION
1.1.

Salinity Gradient Energy
As a result of the continuous increase in population, the worldwide energy demand is set

to grow by more than 25% to 2040 [1]. This need for new energy supply along with the observed
changes in climate from fossil fuel combustion has encouraged the use of alternative and
sustainable energy resources [2]. Salinity gradient (SG) energy, or the free energy that results from
the mixing of waters with different salinity concentrations (e.g., seawater and river water), is an
attractive form of renewable energy due to the lack of fossil fuel dependency and also the preexisting natural salinity gradients that occur at costal river deltas. This energy source, estimated to
contain 625 TWh of practical energy discharging every year, can supply 3% of the worldwide
electricity consumption [3]. In addition, there are numerous sources of saline water that could be
exploited at industrial sites (e.g., agro-food, petroleum, leather) to improve economic efficiency
and sustainability, and even larger energy density sources can be found from waters that have salt
concentrations higher than that of seawater (e.g., hydraulic fracturing flowback, desalination
plants, hypersaline lakes) [4-8].
1.2.

Overview of Existing Salinity Gradient Energy Technologies
Several techniques have been investigated for converting SG energy into power, and most

of which can be classified into two categories, membrane-based and electrode-based technologies.
One membrane-based technology that has received the most attention to date (with subsequent
pilot-plants) is pressure retarded osmosis (PRO). In PRO, while seawater and river water are
separated by a semi-permeable membrane, the chemical potential gradient causes the river water
to be transferred by osmosis across the membrane into the pressurized seawater. The osmotic
pressure is then converted to hydraulic head as a result of the water transport [9-13]. Although the
1

measured power density of PRO is high for SG energy technologies (7.1 W m-2-membrane area)
[14], susceptibility to membrane fouling and the relatively short membrane life restricts efficient
performance and limits PRO from being a cost competitive system [13,15,16,17].
Reverse electrodialysis (RED) systems are recognized as another membrane-based
technique because they primarily develop cell voltages from the Donnan potential that arises when
ions are transported across membranes. In RED, ion-exchange membranes are stacked in a
repeated array. Seawater and river water are then fed through alternated anion- and cationexchange membranes with a cascade, continuous flow design [18-20]. By stacking multiple
membranes, the electrical potential can be built up and then converted into electron flow when two
electrodes are positioned on each side of the stack. Similarly to PRO, RED systems have reached
the pilot phase, however the highest reported power output of traditional RED systems is 1.5 W
m-2 [21]. Because the ion-exchange membranes are the most expensive component in RED
systems, an economic assessment has determined that for RED to be considered economically
viable, a power density of > 2 W m-2 is needed [22]. However, because the working principle in
RED is limited by the dilute channel resistance, improving the membranes (e.g., increasing the
membrane conductivity) does not necessarily increase the power output of RED systems [22]. To
fully utilize the stacked membranes in RED, operating each individual membrane with a
successive electrode pair could potentially increase the power output and further improve the
economic efficiency.
Capacitive Mixing (CapMix) systems are electrode-based techniques that develop a
potential as a result of electrochemical interactions at electrode-water interfaces [23-27]. One type
of CapMix technique, Mixing Entropy Batteries, stores ions in the electrode material’s bulk crystal
structure and behaves as a reversible electrochemical system [28]. When the system is flushed with
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river water and sweater, the battery will charge and discharge (based on the electrode material) as
a result of the electrode storing and releasing specific ions. Capacitive Double Layer Expansion
(CDLE) is another type of CapMix system in which the electrodes are charged with seawater to
establish the electric double layer (EDL) [23]. The cell’s voltage is increased by expanding the
EDL when the electrodes are brought into contact with river water, and the electrodes are then
discharged through an external load. Although CapMix technologies are attractive due to their use
of low cost carbon electrodes, the power output of these technologies is still an order of magnitude
lower than membrane-based technologies such as RED and PRO [26].
1.3.

Concentration Flow Cells
More recently, the highest maximum power density for SG energy technologies (12.6 W

m-2-membrane area) was achieved using a sodium-ion concentration flow cell (CFC) with two
copper hexacyanoferrate electrodes (CuHCF) and an anion-exchange membrane (AEM) [29]. In a
sodium-ion CFC, two identical electrodes with two flow channels are positioned on each side of
an ion-exchange membrane (Figure 1.1.). Synthetic seawater (30 g L-1 NaCl) and freshwater (1 g
L-1 NaCl) are separately and simultaneously fed into the cell. A Donnan potential (𝐸" ) develops
as Cl--ions are transported across the ion-exchange membrane from the HC solution to the LC
solution. At the same time, an electrode potential (𝐸# ) develops at the CuHCF electrodes from the
Fe2+/Fe3+ redox pair, which is driven by Na+ intercalating on the cathode and deintercalating on
the anode. The linkage between the potentials and the activity (a) of participants involved is
described in the following Nernst equations:

𝐸" =
𝐸# =

%&

ln (

'(
%&
'(

ln (
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)
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where n is the number of electrons passed, F is the Faraday constant (96 485 C mol-1), R is the
gas constant (8.314 J mol-1 K-1), and T is the absolute temperature (298 K).
When the solutions with an existing chemical gradient are directed through the flow
channels, the cell is charged as ions transport within the cell to maintain electroneutrality. When
the solutions are switched, the chemical gradient is reversed and the cell is then recharged.
Because the CFC simultaneously develops both a Donnan potential and electrode potentials, the
theoretical reversible potential (𝐸9#:: ) of the CFC can be written as the sum of each potential as
follows:

𝐸9#:: = 𝐸" + 𝐸#

(3)

The success of the CFC and the notable high power output is therefore ultimately the result of
the utilization of both potentials in the same cell.

Figure 2.2. The 5-stack CFC used in this study with five cell units, two endplates, and sealed
with nuts and bolts. Inflow channels are on the left and outflow channels are on the right.
Other hexacyanoferrate electrode materials similar to CuHCF (e.g., NiHCF, 5.1 W m-2;
MnHCF, 430 mW m-2; and ZnHCF, 30 mW m-2) have also been demonstrated to work in a sodiumion CFC using the same working principle [30]. More recently, alternative CFC systems with
different designs have also been investigated. For example, a chloride-ion CFC consisting of a
cation-exchange membrane (CEM) and metal chloride electrodes was shown to develop electrode
potentials from Cl- extraction and insertion (as opposed to Na+ intercalation/deintercalation) [31].
4

Furthermore, a capacitive CFC with a maximum power density of 5.3 W m-2 was developed to
utilize the CDLE of carbonized peat moss electrodes in combination with a CEM [32].
1.4.

Electrochemical Stacks
In order to increase the cell power in RED technologies, multiple membranes are stacked

in one cell. Similarly, a multi-stack design is also implemented in other electrochemical
technologies. Perhaps the most commonly recognized electrochemical stack is a Polymer
Electrolyte Membrane Fuel Cell (PEMFC) in which multiple membrane electrode assemblies are
stacked to increase the potential and power output of the cell [33]. Other examples of
electrochemical stacks include Microbial Fuel Cell (MFC) [34] stacks and Redox Flow Battery
(RFB) stacks.
Stacked cells can be electrically connected in a number of different ways depending on
what parameter (i.e., voltage or current) is targeted for a higher operating value [36]. In theory,
cells connected in series increase the voltage whereas cells connected in parallel increase the
current. If a higher operating voltage, power, and current density is desired, the cells can be wired
in both parallel and series. In addition to the different wire configurations, different flow
configurations can also be employed in electrochemical stacks [37]. In a series hydraulic flow
design, also referred to as a continuous cascade flow design, the solution enters one cell and then
proceeds continuously through the consecutive cells. In a parallel hydraulic flow design the
solution enters each individual cell separately.
1.5.

Objectives of Study
Here, we stacked a maximum of five CFCs using a repeated array of CuHCF electrodes

and anion-exchange membranes. By using a serial hydraulic flow design similar to that of an RED
cell, each cell in the stack could simultaneously recharge and further produce power when the
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solution flow paths were periodically switched. We investigated the performance of various sized
CFC stacks (1-5) by consecutively adding cell units together and show an almost linear increase
in the power with an increase in stack size. Additionally, we examined the influence of parallel
and series circuit configurations on the overall performance of the stack and further note a
performance loss in the series stack as a result of a parasitic current. These results are the first indepth analysis that we know of for a CFC stack using different circuit configurations and a
continuous flow. As renewable energy becomes more desirable and the pursuit of cost-effective
SG technologies continues, implications reported in this study will be useful for successfully
designing CFC stacks for efficient power production.

6

2. EXPERIMENTAL METHODS
2.1.

Electrode Preparation
CuHCF was synthesized by a co-precipitation method [38,39]. Two solutions, 80 mL of

0.1 M Cu(NO3)2 (Sigma-Aldrich) and 80 mL of 0.05 M K3[Fe(CN)6] (J.T.Baker), were combined
in constant ratios by simultaneous dropwise addition to deionized water (40mL) under vigorous
stirring at room temperature. The resulting orange-brown mixture was centrifuged, and the
collected precipitates were washed and further dried overnight in a drying vacuum oven at 70 °C.
The electrode powder was then made with CuHCF (70 wt%) and carbon black (20 wt%, conductive
carbon, Alfa Aesar, 99.5%) and ground using a mortar and pestle. The binder was made using
2.5% polyvinylidene fluoride (PVDF, Alfa Aesar) dissolved in 0.5 mL dimethylformamide (Alfa
Aesar, 99%). The binder (10 wt%) was then mixed with the electrode powder (90 wt%) to make
the final electrode slurry. Carbon paper was activated (in a 1 M HCl solution overnight), washed,
and dried, and the electrode slurry was then hand painted in a 1 cm × 3 cm (ca. 3 cm2) rectangle
on both sides of carbon paper. The electrodes were dried overnight in a vacuum oven at 70 °C and
rinsed before use.
2.2.

Cell Stack Construction
All experiments were performed in a custom-built cell stack that consisted of five

individual CFC units (Figure 2.1). Each cell unit contained an anion-exchange membrane
(Selemion AMV, Asahi Glass, Japan) with two identical CuHCF electrodes positioned on each
side of the membrane (total of 10 electrodes and 5 membranes). Individual silicon gaskets (127
µm) were cut in such a way that the electrodes could be placed in the middle so to avoid leakage
and to hold the electrodes in place. Short platinum wires (2.5 cm) were used as current leads for
each electrode. The position of the electrodes was altered in each cell unit (e.g., a cathode of one
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cell was positioned beside the cathode of the neighboring cell so that the flow channel could be
shared). At both ends of the stack, two Perspex plates (5 cm × 5 cm × 3 mm) with a thicker solid
silicon gasket (5 cm × 5 cm × 508 µm) on the inside of each plate were placed and sealed used
using rods and nuts (Figure 2.2).

Figure 2.1. Representative figure of the 5-stack CFC configuration including five AEMs
(yellow), ten gaskets holding ten CuHCF electrodes (black), and six gaskets for flow channels
(light gray).

8

Figure 2.2. The 5-stack CFC used in this study with five cell units, two endplates, and sealed
with nuts and bolts. Inflow channels are on the left and outflow channels are on the right.
Flow channels (3 cm × 1 cm × 127 µm) made from silicon gasket were positioned on the
back of each electrode and shared between neighboring cell units. This design allowed for a more
compact reactor with only six flow channels as well as to prevent membrane fouling and
deformation [40]. Two inlets with flow channels were installed on the front plate and two outlet
flow channels were installed on the back plate. Two partitions, one for a high concentration (HC,
30 g L-1 NaCl) solution and one for a low concentration (LC, 1 g L-1 NaCl) solution, were
constructed consecutively in each cell compartment to implement a serial hydraulic flow (Figure
2.3). This was done by installing two holes for the two solutions and aligning them in each
subsequent cell compartment. As the two solutions simultaneously flowed through the holes along
the hydraulic path, one solution was directed through the 3 cm x 1 cm rectangular flow channel,
while the other solution was separately directed to the following flow channel (on the other side
of the membrane) and vice versa so that the solutions flowed continuously in the stack.

9

Figure 2.3. Schematic figure of the serial hydraulic flow.
To electrically connect the stacks in series and parallel, the platinum wires placed on each
electrode were carefully attached externally using metal clips (Figure 2.2, 2.4). Experiments for
both series and parallel configurations were performed in increasing order of stack starting with
the first individual cell unit and ending with all five cell units electrically connected to form the 5stack. It should be noted that although the stacks are labeled as 1-5 throughout the paper, the first
stack is truly just an individual CFC cell unit. The cell was dissembled only after the experiments
for all five stacks were complete.

(a)

(b)

Figure 2.4. (a) Wire configuration of the parallel stack, and (b) wire configuration of the series
stack.
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2.3.

Data Collection and Analysis
The stacks were continuously supplied with the HC solution (representative of seawater)

and the LC solution (representative of river water) using a peristaltic pump (Cole-Parmer) at a
flow rate of 14 mL min-1 to assure no leakage. Open circuit voltages (OCVs) of the stacks were
recorded using a potentiostat (VMP3, Bio-Logic) and HC and LC solutions were switched once
the OCVs reached a stabilized value. External resistors (Rext) were connected to each stack and the
power was calculated from the recorded voltage (U, in V) by the potentiostat and the Rext (P =
U2/Rext). When the cell voltage reached below a cutoff voltage of 8 mV, the solutions were
switched and a new cycle began.
The Rext was varied in attempt to achieve impedance-matching (Rext = Rint) in which the
maximum power was transferred to the external load (i.e., Maximum Power Transfer (MPT)
point). The MPT of each individual cell unit was first analyzed in order to assure that the cells
were functioning properly. The total theoretical resistance for each stack in parallel and series was
calculated using the Rext of the individual cell units at MPT. A range of Rext around the calculated
theoretical resistance was then applied to each stack until the true MPT of each stack was found.
The power density was calculated for each stack by dividing the power by the total
membrane area (3 cm2 for 1-stack, 6 cm2 for 2-stacks, 9 cm2 for 3-stacks, 12 cm2 for 4-stacks, and
15 cm2 for 5-stacks). The energy density was calculated by integrating the power density over one
cycle, and the average power density was calculated by dividing the energy density by the cycle
time. During analysis, a single cycle was calculated beginning with the switch of solutions and
ending with when the power reached to 0.25 mW. All tests were performed at ambient room
temperature.
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3. RESULTS AND DISCUSSION
3.1.

Performance of Individual Cells
After the stack was assembled, the power output for all five individual cells was examined

before the cells were electrically connected in order to assure that each cell was working. Although
a slight variation in the performance of each cell unit could be expected (e.g., due to the variation
in electrode or membrane performance), a clear trend in the variation of performance of each cell
unit was observed from the front to the back of the stack. The current and voltage that was recorded
at each peak power showed a steady decrease along the hydraulic path which resulted in the peak
power of the last cell to be less than half of the first cell (9.3 W/m2, 6.6 W/m2, 5.7 W/m2, 4.5 W/m2,
3.7 W/m2, for cell units 1-5, respectively) (Table 3.1).
This similar trend in performance has also been observed in RED technologies that operate
with a serial flow as a result of unwanted mixing. When a cascade design is used, irreversible
mixing occurs in the consecutive cell compartments. That is, as the solutions move from the first
cell to the last cell, the NaCl concentration decreases in the HC solution and increases in the LC
solution. The cumulative decrease in the concentration gradient of the two solutions changes the
thermodynamic potential for each cell unit. This results in the reduction of the power output.
To determine if cumulative mixing between the HC and LC solutions was the cause of the
decrease in the individual cell’s power densities, the conductivities of the solutions at the inflow
and outflow of the cell were measured. The ion activities found from these measurements were
then used to calculate the theoretical cell voltage at the front and back of the cell. The theoretical
voltages showed a considerable decrease from 0.3 V (first cell unit) to 0.25 V (last cell unit) that
corroborates the observed reduction in power density from the front of the cell to the back. It is
not clear whether this mixing was a result of the physical limitations of the cell (i.e., flow channel

12

design, membrane performance), or rather an intrinsic characteristic of cascade designed stacks in
which ionic species are most efficiently utilized in the first cell, and consequentially the
electroactive charges in the feed solutions are altered along the flow path.
Table 3.1. The peak power density (Pmax) with the corresponding voltage, current, and external
resistance at the peak power for each individual cell unit.

3.2.

Individual
Cell Unit

Pmax
(W m–2)

U
(mV)

I
(mA)

Rext.
(Ω)

1

9.3 ± 2.3

151 ± 4

16 ± 1

9

2

6.6 ± 0.6

127 ± 8

15 ± 1

9

3

5.7 ± 0.5

122 ± 8

14 ± 1

9

4

4.5 ± 0.6

108 ± 10

12 ± 1

9

5

3.7 ± 0.6

99 ± 8

11 ± 1

9

Performance of Parallel Wire Configuration
After estimating the individual power output of each cell unit, the stack was electrically

connected in parallel and the OCV was measured. In theory, as explained in section 1.4, the voltage
of a battery wired in parallel is expected to be maintained between each component. The stack
connected in parallel behaved as predicted, and the OCV values for all stacks were similar (ca. ±
0.155 V). This was consistent with the theoretical voltage that was calculated from the Nernst
equation (equation 1,2) for both the Donnan potential across the ion-exchange membrane (~0.08
V) and the electrode potential (~0.08 V), as well as with previously reported OCV values [29,30]
derived from an individual CuHCF concentration flow cell using solutions with the same NaCl
concentration (Figure 3.1).
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Figure 3.1. Open circuit voltages for 1-5 stacks connected in parallel.
The peak power of the stacks connected in parallel showed an almost linear increase with
the increase of stack size (2.8 mW, 5.3 mW, 7.1 mW, 7.5 mW, 8.6 mW for stacks 1-5,
respectively), with a peak power for the 5-stack being three times as high as that achieved for the
single cell (Figure 3.2a). A similar trend was observed with a smaller rate of increase for the
average power (1 mW, 1.6 mW, 2 mW, 2.1 mW, 2.5 mW for stacks 1-5, respectively) (Figure
3.2a). This substantially less gain in the average power was due to the exponential discharging
trend of a cycle, which resulted in the average power to be more heavily weighted by the lower
values of the cycle.
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(a)

(b)

Figure 3.2. (a) Peak power and average power, and (b) peak power density and average power
density for stacks 1-5 connected in parallel.
As alluded to previously, the most expensive component of the concentration flow cell is the
ion-exchange membrane. Therefore, power densities normalized by the active membrane area
must be evaluated in order to consider the economic viability. The peak power density of the stacks
wired in parallel decreased with an increase in stack size (9.3 W/m2, 8.6 W/m2, 7.9 W/m2, 6.3
W/m2, 5.8 W/m2, for stacks 1-5, respectively) (Figure 3.2b). A similar decreasing trend was also
observed for the individual cell units in which the power density of each cell unit decreased from
the front to the back of the stack when they were tested before electrically connecting them together
(section 3.1, Table 3.1). The decrease in power densities in the parallel stacks was therefore not a
result of the parallel connection, but rather it was a direct consequence of the serial flow design
causing unwanted mixing. Because the individual cell units could not maintain a power density
equivalent to that of the first cell unit, the stacked cells were also unsuccessful in maintaining a
constant power density and therefore displayed a similar consecutive decrease.
The average power density for the stacks wired in parallel also decreased with an increase
in stack size (3.6 W/m2, 2.6 W/m2, 2.3 W/m2, 1.8 W/m2, 1.6 W/m2, for stacks 1-5, respectively) as
seen in Figure 3.2b, however the trend appeared to be more logarithmic. This was due to the steady
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increase in the stack’s active membrane area while the average power nominally increased. That
is, there was a 5-fold increase in the active-membrane area of the 5-stack but only a 2.5-fold
increase in the average power.
3.3.

Performance of Series Wire Configuration
After completing the experiments for the stack wired in parallel, the stack was assembled

using new electrodes and membranes and the electrical connection was switched to a series
configuration. In theory, when a battery is wired in series, the voltage increases while the current
is maintained. Like most fuel cells and batteries that are stacked together, a series wire connection
is desirable due to the said voltage increase and further increase in power production. Here, we
show that the series configuration did not perform as predicted and rather exhibited severe
performance degradation in comparison to both the single cell and parallel stack.
The evidence of the performance loss in the series stack was first observed from the voltage
drop in the OCVs (Figure 3.4). When the HC and LC solutions were switched at the inlet to initiate
onset of OCV measurement, the voltage quickly reached a peak and then exponentially decreased
to reach a stabilized value for both positive and negative cycles. Furthermore, unlike the OCVs of
the parallel stacks, which stabilized almost immediately after switching solutions, the OCVs of the
series stacks took approximately 15-20 min. to stabilize.

16

Figure 3.3. Open circuit voltages for 1-5 stacks connected in series.
As expected the peak voltages did in fact increase with an increase in stack size, however
after stabilizing, the values all fell within the same, consistently low range (Figure 3.5). The
overall change in voltage (from the peak to the stabilized value) became more pronounced with an
increase in stack size (Figure 3.3). Additionally, the stabilized OCV of the 5-stack (0.15 V) and
the 3-stack (0.16 V) were only somewhat higher than the OCV of the single cell (0.13 V), and the
2-stack (0.09 V) and the 4-stack (0.10) were actually lower (Figure 3.4).
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Figure 3.4. Open circuit voltage peak and stabilized value for 1-5 stacks connected in series.
This voltage loss phenomenon has previously been observed in fuel cell arrays that are
hydraulically and electrically connected in series and has been linked to ionic cross-conduction
in the electrolyte causing a parasitic current, or leakage current in the cell [41-46]. When two cells
are connected in series, the electrons that are charged at the anode of the first cell are transferred
through the external wire to the cathode of the neighboring cell. In order to maintain electroneutrality, ions then concurrently travel through the conductive electrolyte as a parasitic current
to complete the circuit (Figure 3.5). This results in an internal, parasitic cell that adversely affects
the stack voltage. Because no external current can flow through the cell during OCV, the open
cell voltage drop is a solid indication of the existence of a parasitic current. Similarly, parasitic
currents are known to occur in RED cells in the drain and feed channels (termed ionic shortcut
currents) [47].
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Figure 3.5. Illustration of ionic cross-conduction in the first two neighboring cells of a 3-stack
connected in series.
The peak power (2.5 mW, 3.7 mW, 4.3 mW, 4.9 mW, 5.6 mW for stacks 1-5, respectively)
and average power (1 mW, 1.2 mW, 1.3 mW, 1.6 mW, 1.7 mW for stacks 1-5, respectively) for
the stacks wired in series followed a similar trend to the parallel stack, with an almost linear
increase with an increase in stack size (Figure 3.6a). The average power increased at a much
smaller rate again as a result of the exponentially decreasing trend of a cycle. Additionally, the
peak power density (8.4 W/m2, 6.2 W/m2, 4.8 W/m2, 4 W/m2, 3.7 W/m2, for stacks 1-5,
respectively) and average power density (3.2 W/m2, 2 W/m2, 1.5 W/m2, 1.3 W/m2, 1.1 W/m2, for
stacks 1-5, respectively) could not improve with the addition of stack size in series (Figure 3.6b).
This was due to the diminished performance of the individual cell units from the front to the back
of the stack, as was explained previously for the parallel wire connection (Table 3.1).
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(a)

(b)

Figure 3.6. (a) Peak power and average power, and (b) peak power density and average power
density for stacks 1-5 connected in series.
3.4.

Parallel and Series Performance Comparison
3.4.1. Power Output
Although the trends in the power output for the parallel and series stacks was similar, the

two wire connections demonstrated a distinctive difference in performance. The series stack
exhibited a severe performance degradation, which resulted in the power output of the 5-stack to
be only slightly higher than that of the parallel 2-stack (Figure 3.7). For both the parallel and series
stacks, the peak power and average power linearly increased with an increase in stack size,
however the average rate of increase for the parallel stack was almost two times that of the series
stack. This suggests that significant energy losses occurred as a result of the series connection, and
further increasing the stack size would only add to these energy losses.
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(a)

(b)

Figure 3.7. (a) Peak power and (b) average power for stacks 1-5 connected in parallel and series.
Another detrimental phenomenon that is commonly reported in serially stacked fuel cells
is the occurrence of voltage reversal. In the past, voltage reversal was believed to be a result of
fuel starvation [48], however in more recent years it has been confirmed that the root cause of the
reversal in MFCs is due to the kinetic imbalance between connected cells [49,50]. For that reason,
when excess current is drawn (e.g., at a current above the inferior cell’s limiting current density),
an inferior cell will likely reverse polarity due to the slow kinetics [51]. Voltage reversal is
21

therefore

generally

observed

at

low

resistances

(high

current

densities)

[48,52].

In this study, the Rext was only applied in a range for the purpose of finding the maximum power
output (as opposed to developing a complete polarization curve). Therefore, because the Rext was
never lowered to a value that corresponded to any of the cell’s limiting current densities (Table
3.1), it is unlikely that a voltage reversal was observed during our analyses.
Furthermore, if one of the cells that was added to the stack was suffering from a voltage
reversal, then the measured voltage at that stack size would not increase (or surpass the voltage of
the lesser stack) as there would be no input of additional voltage. In fact, a voltage reversal would
adversely lower the stack’s overall voltage, resulting in a decrease in voltage with an increase in
stack size. Nevertheless, this was not the case and the stack voltage (measured at the peak power)
did increase with the increase in stack size (Table 3.2). Therefore, it is considered that a voltage
reversal did not occur in the series CFC stacks and instead the observed performance degradation
was only a consequence of the parasitic current.
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Table 3.2. The peak power density (Pmax) with the corresponding voltage, current, and external
resistance at the peak power for each stack 1-5 in parallel and series.
Wire
Configuration

Parallel

Series

Stack
Size

Pmax
(W m–2)

U
(mV)

I
(mA)

Rext.
(Ω)

1-stack

9.3 ± 2.8

166 ± 9

17 ± 2

9

2-stack

8.8 ± 0.6

145 ± 7

38 ± 6

4

3-stack

7.9 ± 0.7

146 ± 2

48 ± 1

3

4-stack

6.3 ± 0.6

138 ± 9

56 ± 4

2.5

5-stack

5.8 ± 0.9

115 ± 7

76 ± 6

1.5

1-stack

8.4 ± 0.8

158 ± 2

16 ± 1

9

2-stack

6.2 ± 1.2

209 ± 7

17 ± 1

12

3-stack

4.8 ± 0.2

313 ± 1

14 ± 1

22

4-stack

4.1 ± 0.3

342 ± 5

14 ± 0

24

5-stack

3.7 ± 0.6

427 ± 5

13 ± 0
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Nevertheless, unlike the series stack, the parallel stack did perform as expected and
demonstrated a successful parallel connection. The maximum power density (and the voltage
recorded at peak power) of the 5-stack was consistent with the averaged individual stack’s
maximum power densities (reported in Table 3.1). Additionally, the parallel configuration lowered
the internal resistance of the stack while the voltage was maintained between each individual cell
unit. This suggests that there were no significant energy losses from the parallel connection, and
by stacking the cells in parallel, the peak power could be produced at relatively high current
densities.
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3.4.2

Stability
Both the series and parallel 5-stack were further examined at their optimum resistance for

over 45 cycles to analyze the stability of the stacks. While the parallel stack generally showed
good stability with repeatable cell voltages and instantaneous power densities, the series stack
showed a visible decrease in both parameters (Figure 3.8). The peak power density of the parallel
5-stack was around 5.8 W/m2 with a voltage of 0.12 ± 0.02 at a resistance of only 1.5 W, whereas
the peak power density of the series 5-stack was about 3.7 W/m2 with a voltage of 0.40 ± 0.05 at
a resistance of 32 W. The peak power density and voltage for the 5-stack in series began decreasing
around cycle 34.
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Figure 3.8. Power density and cell voltage for stacks 1-5 connected in (a) parallel and (b) series.
When the individual cycles for the parallel and series stacks were compared, it can be
observed that the parallel stack successfully completed two cycles before the series stack finished
one (Figure 3.9). Therefore, to complete 45 cycles during the stability analysis, the series stack
required over 400 minutes whereas the parallel stack only required close to 125 minutes. The
longer cycle times for the series stack, which resulted from the increased resistance of the stack,
would have led to partial dissolution of the CuHCF electrodes [30]. The partial dissolution of the
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electrodes would in turn decrease in voltage and power density for the series stack, and thus
decrease the stability in the power output of the stack.

Figure 3.9. Power density for stacks 1-5 connected in parallel and series.
Additionally, because the high resistances at the larger stack sizes in series led to lengthy
cycle times, a cutoff power of 0.25 mW was used (rather than a cutoff voltage) when calculating
the average power for all stacks. For the parallel stack, the average power density for the first 10
cycles (out of 45) was 1.52 ± 0.11 W/m2, and 1.50 ± 0.02 W/m2 for the last 10 cycles. For the first
and last 10 cycles of the series stack, the average power density was 1.15 ± 0.03 W/m2 and 1.01 ±
0.04 W/m2, respectively. Both configurations were not able to maintain a stable value throughout
the repeated cycling, however the change in the average power density for the parallel stack was
far less when compared to the series stack (Figure 3.10). In addition, a slight variation in the
average power density can be observed between cycles for the parallel stack, however this
variation is maintained consistently during the analysis. Therefore it can be assumed that when the
HC and LC were being fed through the two different inlets, the electrodes and/or membranes that
were positioned to receive the HC at one inlet were performing noticeably better than those
positioned to receive the other inlet.
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Figure 3.10. Average power densities and of the 5-stack in parallel (squares) and series
(triangles) under optimum external resistances of 1.5 Ω (parallel) and 32 Ω (series) (cutoff
voltage = 8 mV, cycle cutoff power = 0.25 mW).
A similar trend was observed for the energy density of both stacks (Figure 3.11). The energy
density of the parallel stack was 253 ± 11 J/m2 for the first 10 cycles and 248 ± 11 J/m2 for the last
10 cycles, while the series stack had an energy density of 176 ± 10 J/m2 for the first 10 cycles and
145 ± 15 J/m2 for the last 10 cycles. These results demonstrate the superiority of the parallel stack;
not only was the power and energy density of the parallel stack significantly higher than the series
stack, but the severe decline that was observed during the last cycles of the series stack was avoided
when the stack was wired in parallel.
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Figure 3.11. Energy densities of the 5-stack in parallel (squares) and series (triangles) under
optimum external resistances of 1.5 Ω (parallel) and 32 Ω (series) (cutoff voltage = 8 mV, cycle
cutoff power = 0.25 mW).
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4. CONCLUSIONS
The power output of CFC stacks successfully increased with an increase in size for both
the parallel (8.6 mW) and series (5.6 mW) configurations (compared to 2.7 mW for the single cell
unit). The power density of both the parallel (5.8 W m-2 for 5-stack) and series (3.7 W m-2 for 5stack) stacks could not compare to that of the single cell unit (8.9 W m-2) as a result of the mixing
of the feed solutions towards the back of the cell. This mixing was a direct consequence of the
serial hydraulic flow design.
Recent work has estimated that electricity from salinity gradient technologies that use
stacked membranes (i.e, RED) would be competitive against conventional renewable technologies
if they could produce a power density of 2.7 W m-2 [29]. The average power density of the stacked
cells for both the parallel and series wire configurations (stacks 2-5) were less than this value,
whereas the average power density of the individual cell (stack 1) was higher (ca. 3.4 W m-2).
These results suggest that the stack design used in this study could ultimately increase the capital
costs when considering real-world applications. Furthermore, the operational costs should also be
considered as well as any additional constraints that may arise from using real seawater.
In order to efficiently reduce costs in the flow cell stack, maintaining the performance of
the single cell throughout the entire stack during operation is crucial. Different flow designs inside
the stack could be considered as an alternative to the serial hydraulic flow design used here. For
example a parallel flow design in which independent feed sources are used for each individual cell
unit could limit the potential for mixing along the hydraulic path. It should be considered however
that this would likely result in an uneven flow distribution throughout the stack, or a significantly
higher required pumping energy. A similar but less significant depletion in solution concentration
may also occur, which in turn could lower the power densities of all cells rather than just the cells
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in the back of the stack. Alternatively, cell units could be designed with modified sizes along the
cascade. By strategically sizing the flow channels so that the local hydraulic residence times in
different cells are varied, a more uniform power could be maintained despite the inevitable change
of the electrostatic potentials in the feed solution. This application of various sized cells in a
hydraulically connected cascade configuration has proven to successfully maintain the
performance of a single cell throughout a Microbial Fuel Cell stack [48].
Additionally, the results of this study proved that the parallel wire configuration was more
successful in the CFC stack than the series. The series stack exhibited severe performance
degradation as the result of ionic cross-conduction which adversely effected the cell voltages and
power output. The effect of the ionic cross-conduction (parasitic current) can be reduced by
increasing the separation distance between cells as demonstrated in both microbial fuel cell (MFC)
stacks and proton exchange membrane (PEM) fuel cell stacks [44,45,49,53]. Nevertheless, a larger
separation may not entirely eliminate the negative effects of the cross-conduction when the cells
were still hydraulically connected. Alternatively, insulating the stack by fluidically isolating each
cell so that the electrolyte in each unit is separated has been reported to completely eliminate crossconduction in an MFC stack [54]. To determine whether this is a viable option for optimizing
performance in the CFC stack, further analysis with a potential reconfiguration or different design
may be needed.
These results highlight the importance of appropriate stack design and electrical connection,
and the need for further design considerations for feasible and economical scale-up. Future work
should focus on controlling or minimizing the mixing towards the back of the stack, and
eliminating the parasitic current so that the performance of the series stack can be improved. If this

30

can be accomplished, a combination of both the parallel and series electrical connections could be
utilized to increase both the current and the voltage in the stack.
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